Active Thermal Control System (ATCS) is used to collect and transfer a large amount of heat in the Japanese Experiment Module (JEM) Pressurized Module, which adopts a water-based coolant. To use this system, it is important to control and maintain coolant properties on orbit. This paper presents improvements of the water-based coolant to maintain its properties, detailed examples of anomalies that have occurred in the JEM and discusses their causes in details. In this study, we evaluate the latest prescription of the coolant proposed by NASA to determine if it was effective and stable with biocide, buffer of pH and corrosion inhibition. We also found the causes and the mechanism of the anomalies regarding the coolant in the ATCS.
Introduction
In 2001, a pump stopped and the pressure unexpectedly increased for the gas trap and the filters on the ATCS in the US-LAB on orbit. 2) The National Aeronautics and Space Administration (NASA) found that these malfunctions were due to the combination of the phosphate precipitates in the water coolant with nickel corrosion, and the chemical compound was due to the combination of nickel from the brazing material of the heat exchanger and the phosphate, one of the coolant ingredients. Nickel corrosion was also found due to the decrease of pH (< 9.0) of the coolant by carbon dioxide from the cabin air permeating through the surfaces of Teflon hoses. The specifications of the water-based coolant for the SSP are shown in Table 1 . 2) Active Thermal Control System (ATCS) collects and transfers a large amount of waste heat by circulating coolant actively in the Japanese Experiment Module (JEM) Pressurized Module (JPM). A water-based coolant treated with some minimal chemicals under the common specification for the Space Station Program (SSP) is adopted in the ATCS of the JPM as well as those in the U.S. Laboratory (US LAB), the Nodes 2 & 3 and the Columbus Orbital Facility (COF). The coolant's major advantages are 1) a liquid coolant medium with a good thermal capacity and 2) a low-hazard medium for crew safety. However water freezes at zero degrees Centigrade, and much care has to be taken with flight hardware. 1) The ATCS loop of the JPM has six heat exchangers and more than sixty cold plates that used nickel-based braze alloy for assembly. Following the NASA's malfunction report, the Japan Aerospace Exploration Agency (JAXA) investigated the corrosion potential in the nickel-based braze material regions. Table 2 summarizes the corrosion rate results. 3) The corrosion rates for JPM heat exchangers are about 90% slower than those used in the US-LAB. We also found from another examination that 1) the corrosion rate depended on the extent of diffusion of braze material due to differences in the brazing process, and 2) the service life from the electrochemical corrosion test indicated no life limitations due to corrosion in the water coolant. Therefore we investigated and determined that the potential of both the corrosion and the unexpected difference in pressure increase for the gas trap and the filters was low in the JPM.
The most important thing when using a water-based coolant is to control and maintain its properties on orbit. In order to maintain these properties for years, some minimal ingredients are added to pure water. Recently a survey on some on-orbit anomalies found that the common water-based coolant included some unintended ingredients. These ingredients induce the following phenomena; 1) disappearance of some chemicals and degradation of properties, 2) corrosion due to changes in properties, 3) contamination owing to existence of the chemicals, and 4) increased friction due to corrosion and contamination in the sliding mechanism of some flight hardware. This paper presents improvements of the water-based coolant specified in the SSP, describes detailed examples of anomalies that occurred in the JPM and discusses their causes in details.
During the same period of this anomaly, NASA informed JAXA about the disappearance of the silver ions and their antimicrobial action. We also detected some anomalies in the JPM ATCS equipment and then found the formation of the precipitates from the water coolant in the JPM. Therefore, we continued the study on the degradation of the coolant properties in order to better understand the water coolant. Ultimately, the problem of the disappearance of silver ions was solved by improving the coolant for the SSP as described in Sec. 3. The anomalies in the JPM were resolved by replacing new hardware or changing the design of hardware as described in Sec. 4.
Improvement of Water Coolant for the SSP

Disappearance of silver ions
NASA developed a new prescription for the SSP's water-based coolant, and as an international partner we evaluated the NASA's development results. Table 1 compares the new prescription of the coolant with the original one. NASA reported degradation of the coolant was going on on-orbit owing to the disappearance of the silver ions expected to behave as a biocide. The growth of bacteria acidifies the coolant, corrodes metal hardware, and degrades cleanliness. Therefore, a biocide has to be included in the prescription of the water-based coolant. For the original, NASA adopted silver sulfate with ions having strong bactericidal action. Another merit of using silver sulfate is that it is non hazardous, since silver ions are not ejected into the cabin as gas by steady leakage within the specification into the ambient atmosphere. However, silver has less ionization potential chemically, separates out onto the inner surface of the plumbing, and results in fast disappearance of silver ions. Glutaraldehyde (GA) was proposed as a new biocide, but was rejected due to the safety policy of toxic gas for the SSP. Ortho-Phthalaldehyde (OPA) was finally chosen as a new biocide because it was confirmed to have good bactericidal activity, durability of response, safety of crew members on orbit, and compatibility of the materials. It was also found that OPA never separated out onto the inner surface of plumbing and that its concentration could be maintained after the initial disinfection from the results of the biofilm effectiveness study by NASA. Note that Total Organic Carbon (TOC) is not controlled all of the time when OPA is included in the coolant since OPA is an organic compound. Therefore, corrosion inhibition is assured by controlling the coolant pH in the new prescription.
Decrease of pH
The pH of the water coolant with the original prescription dropped on orbit. A decreased pH increases the probability of both dissolving the nickel ion (i.e., nickel corrosion) and forming nickel compounds. Therefore, NASA and JAXA confirmed that the decrease of pH is a significant factor in controlling corrosion and maintaining cleanliness. Several buffer chemicals were used in the water coolant to keep the pH of the water coolant between 9.0 and 10.0, but they were not enough for carbon dioxide permeation. To prevent the coolant pH from decreasing, the buffer chemicals had to be improved.
Sodium bicarbonate and sodium carbonate were added to prevent the pH level from decreasing. The pH is maintained by the synergism with the phenomenon which carbon dioxide in water creates a natural distribution of aqueous carbon dioxide, bicarbonate ion and carbonate ion. An investigation revealed that a buffer with an appropriate concentration could maintain the coolant pH between 9.0 and 10.0 on orbit. Crew safety and material compatibility were also evaluated. Sodium phosphate was excluded from the prescription, since phosphoric acid bonds easily with nickel ions and causes contamination.
JAXA accepted the new prescription of water coolant for the SSP and replaced the current water coolant with the new one in the JPM ATCS in February 2008.
Causes of Anomalies in JPM Water Coolant
Abnormal increase of operational torque needed for manual shut-off valves and quick disconnects (QDs) being stuck open were detected in the JPM ATCS during functional tests and maintenance on the ground. Our investigation of the anomalies revealed a common cause, i.e., production of precipitates, such as phosphate and borate, resulting in increased resistance of the sliding mechanism of the manual valve and the QDs. The detailed are presented in paragraphs 4.1 and 4.2.
Operational torque abnormity of manual valve
Several kinds of valves are used in the JPM ATCS, such as motor valves, manual valves, and relief valves. The operational torque abnormities were occurred only in quarter-inch and three-quarter-inch manual valves for water-based coolant. The torque specification is 1.13 N-m for the two manual valves. When we found this anomaly, the valves indicated a maximum torque of 6.6 N-m. Figure  1 schematically illustrates the cross section of the manual valve. This valve is classified as a ball valve, and a flow path is isolated by a quarter turn of the ball. There is a narrow clearance between the bearing and the ball (region (a) in Fig. 1 ). The clearance is generally adjusted to several tens of micrometers by the ring-shaped polyimide bearing to reduce friction of the sliding mechanism. The polyimide material absorbs water and expands about a half percent of its thickness, and this characteristic is considered when adjusting the clearance. However, precipitates formed in this clearance. The principle of the formation is as follows. The clearance forms a stagnant water region leading to an external leakage path. The pH level in the region is enhanced locally, and precipitates slowly form there for about six years. The phenomenon results in increasing resistance of the sliding mechanism. For the quarter-inch manual valve, the measured torque deviated little from the specification, which is 1.6 N-m in maximum to 1.13 N-m in the specification. In addition, the torque continued to increase for about six years. Hence, we decided to clean the valve internal surfaces in a stand-alone configuration and then to reutilize it. The purpose of cleaning is to remove the precipitates in the stagnant water region. We found that a cycle of, 1) retting and flushing with warm water (below fifty degrees centigrade) with repeated valve opening and closing and 2) drying in a vacuum, was sufficiently effective. Figure 2 presents a profile of the torque variation during the trouble-shooting. Two substantial decreases of the torque occurred around each drying in a vacuum in the profile. These phenomena demonstrate the effectiveness of the cycle. In fact, the cycle reduced the torque of the valve to the same as when manufactured, about 0.6 N-m. We anticipate that the torque will gradually increase again Ph_13 over the next six years, but that the deviation from the specification will be small and the crew will be able to operate the valve without any problem. A tool for operating the manual valve on orbit was prepared just to make sure of continued valve operation.
Quick disconnect stuck open
A quick disconnect is important for connection and disconnection of ATCS fluid lines in a space structure because in manned space activities we need to connect/disconnect pressurized fluid lines and to avoid spilling coolant for crew safety. However, QDs sometimes stuck open causing external leakage of the coolant during JPM maintenance. We found the following two causes; 1) increasing resistance of sliding mechanism of the QD due to the formation of precipitates and 2) peeling of the nickel plating on the surface of the sleeve. Since we knew the latter occurred due to a manufacturing defect, the damaged QDs were replaced with new ones of the same design. At the same time, we guessed that the former occurred due to increased coolant pH level. Figure 4 illustrates the principle of a typical non-locking QD. The QD consists of a female part (called a female QD) and a male part (called a male QD). The operational principle of connection is as follows. Stops of the male QD and the female QD contact each other and a sleeve of the male QD pushes that of the female QD farther into the female QD. At that time, a flow path is linked and several o-rings mounted on the sleeves and the housings prevent external leakage. During disconnection, other o-rings mounted on the stops prevent leakage. In Fig.  4 , we can see that the QD has several stagnant water points as in the case of the manual ball valve described in Sec. 4.1, and those points are mainly around the o-rings mounted on the sleeves. We surveyed in particular the two cases of QDs being stuck open in the JPM. Here, we will discuss one of the two incidents in detail. One three-quarter-inch manual valve was replaced with a newly designed one, and the others were cleaned using the cycle method described above and then reutilized. The torque of the former was six times greater than the specification, and therefore it was judged impossible to reutilize it. The newly designed valve is a type of diaphragm valve, and the flow path is isolated by changing the diaphragm shape with an external force. Figure 3 illustrates the internal structure of a typical diaphragm valve. The valve has no sliding mechanism on a wetted surface and no stagnant water region, in contrast to the original valve. Friction resistance due to the precipitates is therefore not a concern. Although the new valve has a heavier body and a greater pressure drop, these did not impact the performance or the operation of the ATCS. In developing the valve, we adopted a consumer design produced for semiconductor manufacturing technology. It was an epoch-making approach for Japanese space development and is an example of how we can achieve significant cost-reduction and time-deduction for development. Figure 5 presents a photograph of the stuck-open female QD. During disconnection, a sleeve of the female QD was several millimeters short of returning to its original position. To investigate the anomaly, we first disassembled the female QD. Our first inspection revealed corrosion products and stain spots on the surface of the stop and the sleeve, as depicted in Fig. 6 . Next, the corrosion products and the stain spots were analyzed with electron spectroscopy for chemical analysis (ESCA) and scanning electron microscopy/energy decentration X-ray spectroscopy (SEM/EDX). The survey with ESCA found nickel, oxygen, carbon, silver and phosphorus, which we presumed formed oxides of nickel coating on the surface of the sleeve. A result of SEM/EDS confirmed that the sleeve surface became rough, and chemicals of the stain spots were mainly the same from the result of ESCA. Finally, we analyzed optical micrographs obtained from a transverse cross section through the sleeve, as shown in Fig. 7. Figure 7 depicts obvious corrosion of the coating on the inside surface of the sleeve. Based on all the survey findings, we found that the pH level increased in the stagnant spots of the female QD. Corrosion from the nickel coating and formations of nickel phosphates and silver oxide adhered to the surface of the sleeve, increasing the resistance of the female QD sliding mechanism.
Fig. 5. Photograph of female QD stuck open
One measure to prevent corrosion of the coating is to change the prescription of the water coolant to prevent the pH level from increasing, as discussed in Sec. 3. However, local enhancement of pH of the coolant in the stagnant region cannot be fully avoided in the present design of the QD. We therefore recommended that crew should anticipate the leakage and slowly demate QDs during internal vehicular activity (IVA) with care of the coolant spray, since there is no concern about leakage when the QD mated. Since a QD can stick open due to particles generated by corrosion or precipitates, we should basically forbid drying the wetting surface of the ATCS during maintenance or trouble shooting situation because sodium borate and OPA in the coolant separate out onto the sliding mechanism of hardware. If we need to dry the wetting surface of the hardware, we should allow enough time to change the coolant to deionized water and then perform drying. 
Conclusions and Future Work
The ATCS is used to collect and transfer large amounts of heat in the JPM, in which the water-based coolant is adopted. When using the ATCS, it is most important to control and maintain the properties of the coolant on orbit, but we recognized that this would actually difficult. Loss of the chemicals and decreased pH levels due to the permeation of carbon dioxide were detected in the original water-based coolant. As a result, NASA and JAXA recently changed the original coolant. Our investigation of the anomalies of the manual valves and the female QDs in the JPM revealed that the pH level of the coolant rose locally in the stagnant water regions leading to an external leakage path, and then precipitates due to corrosion slowly formed there. This phenomenon increased the resistance of the sliding mechanism in the valve or the QD. Based on all findings on using the water-based coolant in this study, we determined that it was important to, 1) prescribe effective and stable biocide, buffer pH and corrosion inhibition, and 2) seek alternate designs without stagnant water regions in the ATCS. We do not yet fully understand the variation of the new coolant properties on orbit. In future work, therefore, we will periodically sample the coolant on orbit and evaluate the coolant properties.
